In this study two numerical models, one a regional generation and propagation model and the other an inundation model, have been applied to the problem of examining the impact that a large, locally generated tsunami could have on Chabahar Bay facilities in Iran. To achieve a realistic outlook of tsunami hazards in the area, the generation, propagation and interaction of tsunami waves with Chabahar Bay coasts is being numerically modeled for specific events. The modeling is performed using the numerical code which solves the nonlinear Boussinesq wave equations. Results of numerical simulations performed in this study considering past tsunami occurrence records indicate that the multipurpose Chabahar Port is expected to experience the tsunami events with heights ranging between 8 to 10 meters. The model gives approximately the observed maximum area of flooding of Chabahar City. The large and small amount of fooding of Chabahar city coasts, Iran from the 9.1 and 8.3 magnitude erarthquake achieved respectively and extensively flooding was reproduced by the numerical model. The effect of the tide was modeled and found to be small. The results of this study are intended for emergency planning purposes. Appropriate use would include the identification of evacuation zones. The results are used also to find a best configuration advice for the urban facilities in order to mitigate tsunami related risks, with positioning such facilities at the Western Cape of the bay.
Introduction
Makran Subduction Zone (MSZ) and Andaman-Nicobar-Sumatra Arc are two main tsunamigenic zones in the Indian Ocean which have detectable underwater seismic activities for causing tsunamis. There are many evidences based on historical reports and numerical modeling which show many tsunamis have been happened with different sources until 1945 in the MSZ (Ambraseys and Melville., 1982) . The MSZ is the second murderous tsunami in the Indian Ocean and important source for large tsunamis, as we know from the magnitude 8.1 earthquake and tsunami that occurred there in 1945 with a death toll of about 4000 people (Pararas and Carayannis., 2006). Following the enormous Indian Ocean tsunami in December 2004 and menaced to more than 225,000 human live and leaving at least a million homeless was cause more serious consideration to this adventure in identifying the risks of vulnerability on different coasts around the world, mainly for marginal Indian Ocean countries (Geist et al., 2006) . Heck (1947) provided a list of global tsunamis generated from 479 BC to 1946, that some of them were relevant to tsunami incidences in the Arabian Sea and neighboring zones. Berninghausen (1966) collected another list of tsunami containing 27 tsunamis reported from areas adjacent the Indian Ocean which three events were from the west coast of India and the Arabian Sea. Page et al. (1979) as a significant tsunami valency, presented document for the recurrence of large magnitude earthquakes along the MSZ and predict the 1945 type earthquake can happen every about 150-250 years in eastern Makran. Other list gathered by Murty and Rafiq (1991) used a diversity of sources in the Indian Ocean region from 326 BC to 1974. Byrne et al. (1992) furthermore studied massive thrust earthquakes along the MSZ. The thermal modeling by Smith et al. (2013) indicates that M w 8.7-9.2 earthquakes are thinkable in the seaward MSZ. These earthquakes and related tsunamis have important implications, specially for the neighbor coastlines of Iran, Pakistan, Oman, and India, whereas the Makran has not been formerly imagined a probable applicant for a Mw>9 earthquake. Fig. 1 illustrates location map of the MSZ and Earthquakes from post-1960 and pre-1960 published by Smith et al. (2013) . Chabahar Bay (CB), as the largest Iranian bay type semi-enclosed water basin, is located at the end of the North-Eastern coasts of the Gulf of Oman. Two major South-Eastern ports of Iran, namely, Chabahar Multipurpose Port (CMP) and Konarak Fishing Port (KFP), are located in the South-East and South-West of the bay, respectively, engaged with fishery, marine transportation and oil terminals activities. In recent years, within the national development plans of Iran, major ongoing port construction activities have been undertaken for expansion of the CMP as a portal on the transit corridor into the Commonwealth of Independent States (CIS) countries. However, the certainty of tsunami occurrence is undeniable in the MSZ, and therefore any substantial investment in the development of the port facilities is contingent upon a thorough investigation of potential tsunami impacts. There are several different methods for studying tsunami, such as paleotsunami data utilization, historic tsunami consideration, DART systems, tide gages and numerical simulation. Neetu et al. (2011) presented while there is document that the earthquake might have operated submarine mudslides in the MSZ (Byrne et al. 1992; Ambraseys and Melville 2005) , other studies show that it is not essential to exert any other source such as mudslides to specify the tidegauge data. Therefore, only numerical simulation of earthquake-induced tsunamis are focused in this paper. Tsunami behavior simulation using historical data and numerical modeling is still common due to low cost. Numerical simulation of tsunami is very important for comprehension past events and modeling future ones. Definition of the potential runups and inundation associated with tsunami by using numerical simulation is a useful and important tool, since data from past events are usually inadequate (Rafi and Tsunami models can be used to simulate the past tsunamis and worst case scenarios for the tsunamigenic earthquakes to determine the impact on adjacent coast as well as on the away coasts. Tsunami evacuation maps and procedures can be created based on information from these probable worst case scenarios. To simulate possible tsunami scenarios from the MSZ ( Fig. 1 ), information about the seismic deformation and mechanism of earthquake is necessary as an input to specify the initial deformation at the source and then calculate the tsunami life steps. Tsunami generation in the regional model involves the represent of seafloor deformation by a major strength earthquake. However, vertical seafloor deformation (both uplift and subsidence) describes the initial amplitude of the tsunami. Several different models exist that can compute deformation patterns based on assumptions the slip, depth, length, width, and dip angle of the earthquake fault plane. The application of numerical modelling to determine the potential runups and relevant inundation from a local or distant tsunami prepares considerable information about the tsunami incident. Hence, the procedure to appraise the tsunamis for the Chabahar Bay Facilities (CBFs) assessment can be separated into two parts as 'Verification of the fault model concerning the numerical calculation' and 'Determination of the tsunami heights along with inundation area'. The impact associated with tsunami affects on a studying area can include several related phenomena such as water's rise and fall, floating materials and so on. For CBFs assessment, evaluation of water rise and fall is the most significant because the water rise and run-up of a tsunami may damage buildings and facilities on land and water receding for long time cause the problem of desalination systems. In this study, a comprehensive numerical modelling study was accomplished for the generation, propagation, and flooding of tsunami waves with CB coasts, Iran. The flooding of CB by the tsunamis were simulated using the fully nonlinear Boussinesq equation code GEOWAVE including the friction effects. The regional model is first used to generate the tsunami at the source through several earthquake scenarios with their corresponding fault-plane parameter sets and propagate the tsunami to the input boundary of the inundation model, which can then perform the flooding computations. This study illustrates an approach to estimating the potential flooding of tsunamis along the Iranian coastline. Finally, it should be mentioned that this study represents the new effort at integrating seismology and oceanography to study locally generated tsunamis and inundation in CB, Iran.
Methodology

Numerical Model
Numerical modelling is an impressive approach to studying the events of tsunami, particularly for the future hazards. As yet, many numerical models have been modified or lately developed to impressively and carefully study the generation, propagation, run-up and inundation of tsunami. The achievement of tsunami studies depends on the combination of precise tsunami sources, an advanced tsunami propagation and finally inundation model. In this study, one of the tsunami models, GEOWAVE, is adopted to study the run-up and inundation of potential tsunami generated from MSZ. GEOWAVE is a tsunami numerical model formed by merging the Tsunami Open and Progressive Initial Conditions System (TOPICS) with the Fully Nonlinear Boussinesq water wave model FUNWAVE (Grilli et al. 2007 ). In this work, GEOWAVE was validated with successful case studies of the 1945 Makran events. It simulates accurate run-up and inundation at the same time, using a slot technique. Wave breaking is also accounted with a dissipative breaking model acting on the wave front during shoaling or run-up. This model is able of studying the whole life range of tsunami including its generation, propagation, run-up and inundation. The model can use a larger grid resolution to simulate the propagation of tsunamis in the deep ocean and then convert to apply finer grid resolutions in coastal regions to calculate for the tsunami waves shortening because of the shallow water. Through the implementation of nested grids in this method, the computational and the numerical precision can be moderated. This model has been validated and has shown its satisfactory accuracy when compared to analytical solutions and experimental studies ( and indicated satisfactory achievements in comparison with either field or satellite observations and tidal gauge measurements. It has also been exerted to study the flooding and tsunami forces on structure. In this study the effect of tsunami occurring at hightide was modelled in some of the scenarios. It was approximated by adding a half the average tidal range of about 1.7 m for CB to the base water level. The run-up is the major phase of tsunami modeling which the magnitude and effects of tsunami are defined based on the tsunami wave height and inundation areas. An inundation numerical model requires more computational resources like as coastal topography and hydrography than the typical propogation model. Hence, it is not reasonable to use an integrated model for simulation all of the tsunami phases. Instead, a hybrid method is usually used and run-up calculations are limited to areas where detailed study of the inundation process is needed. The present numerical modelling of tsunami is performed in two distict global and local models. In the global model, the initial wave of tsunami is generated and then it propogates from MSZ to the coastlines. The local model which used when the waves reach to areas that have high significance for calculation of tsunami run-up. When the waves enter to the neighborhood of local models, the global model is stopped and the local model is begun. Free surface elevation and water velocities which are achived at the final time step of global model, are constrained to the local model as the initial conditions. As the stations have been almost located at the coastline, the recorded wave height can be assumed as run-up height. Fig. 2 shows the global and local domain of tsunami modeling. The possible impact along the Makran Coast is assessed in more detail by selecting a series of numerical virtual tidal gages along the East-West Makran Coast. Virtual tidal gauges were deployed in the numerical models to path the arrival times of tsunami and the water surface oscillations for different tsunami scenarios. The UTM coordinates and water depth of these virtual tidal gauges are given in Table 1 and Fig. 2 . The virtual tide gauges measure the instantaneous sea water level relative to mean sea level. 
Model Grids Construction
It is obvious that as tsunami comes close to the coastal regions from the deep water, its wave length becomes shorter and the amplitude becomes larger because of the water shoaling in comparison with wave characteristics in the deep water. To describe this effect, two types of bathymetric and topographic data resolution (1 minute and 3 seconds) were implemented for the numerical models. The first type grids cover the entire region of Oman Sea, local fault zones where future earthquakes could generate tsunami potentially threatening the CB area with 1 minute grid resolution (Fig. 2) . The second type grid covers the entire CB and a significant southwest area of the CB with 90 m grid resolution. The water depth in most regions of this grid domain is usually less than 20 meters (Fig. 2 ). This high resolution bathymetric and topographical data was achieved from Community Model Interface for Tsunami (ComMIT) database which approved by NOAA, and is used to obtain the applicable details of run-up and inundation in the CB area for possible tsunami events. The minimum depth parameter in the model is set to 0.1 m to bound the bottom friction near the CB coasts. The simulation of the tsunami generation and propagation through the Gulf of Oman to the CB was performed using a 1 minute grid of ocean depths. This equipped a appropriate input of wave characteristics for the modelling of the tsunami interaction with the CB on a 3 second grid. The consequent wave specification arriving at entrance of the CB was used to simulate the tsunami wave interaction with the bay, harbour and Chabahar town on a 90 m grid. Each grid was demonstrated by its height above or below sea water level. 2000).
Model Governing Equations Description
In Eq. (3), u α is horizontal velocity at an elevation α taken to be α = −0.531h, following . A and B are functions of velocity given as follows,
The factors β and Λ were implemented to simulate a porous beach method for calculation of run-up on dry shorelines. These factors are shown as follows; 
Determination of Tsunami Heights
Fault Models and Scenarios of Possible Tsunamis
According to the empirical formulas proposed by Wells and Coppersmith (1994) based on rupture parameters, we approximate a sensible earthquake source for the MSZ, in terms of magnitude and the seismic seafloor movement along about 1000 km of the MSZ. We refine this approximation by subsequent restricting the source and simulated tsunami to adjustment impressive aspects of associated magnitudes. In this study, earthquake tsunami source is based on the half-plane solution for an elastic displacement with maximum slip (Okada, 1985) . Thus, we specify an oblique planar fault of horizontal length L and width W, with centroid placed at latitude-longitude (x e ,y e ), and depth d of the earthquake at the centroid, and discretize it into many small trapezoids. The vertical displacement on the ocean floor at the fault is estimated by summing up contributions of point source elastic solutions, based on the actual depth of each trapezoid. The shear modulus will be supposed to be constant in this study. Okada's solution is performed in TOPICS, the tool that prepares the vertical seismic displacements as outputs, in addition the tsunami wavelength and tsunami period. The initial tsunami amplitude is specified as the minimum or maximum elevation initiated from the bottom seismic movement. The seismic moment M 0 (≈M w ) is proportional to ∆, since a Gaussian slip distribution is supposed at the centroid (Grilli et al., 2007) . The total seismic moment released with μ = 4 × 10 10 Pa. We define nine separate tsunami sources for the nine segments. The earthquake parameters for each tsunami source are listed in Table 2 . To detract the number of free parameters in Okada's sources, as well as the lack of precise geological data, we assumed all segments to have a rake angle 90° and a dip angle 3°, to rehabilitate the correct distances between seafloor aspects. The width W of each segment, was firstly selected based on the empirical relationship of moment magnitude presented in Wells and Coppersmith report mentioned above. It is also represents the tsunami wavelength and hence is proportional to the tsunami period. The width was then repeatedly adjusted for the simulations to better estimate the major moment magnitudes based on seismic magnitudes obtained by W&C formula; so W generally attenuated from 70 km to 20 km based on M w variations. According to the slip distributions requirement to satisfy moment magnitude and seismic magnitude relevance based on W&C formula, the earthquake depth d was fixed at 25 km, and maximum slip was specified to 3-14 m, except in Full length of Makran (FM) where it was increased to 25 m to model the severity of Makran. The maximum vertical seafloor subsidence or uplift ( 0 ) estimated by TOPICS for each source is listed in Table 2 and changes in the range -5.86;+8.43 m, which is proportional with the range of values approximated by the seismic models. 
Verification of the Fault Model and the Numerical Calculation System
Recorded historical tsunami are considered to select generic tsunamis for studying region. In Iran, old tsunami records are not available because of the low technology accessible for the measurement at that time. Precise selection of the fault model parameters, bathymetry data and the numerical calculation model are essential for proper tsunami assessment. We can verify calculated tsunami heights with recorded and documented tsunami heights to evaluate the validity of the numerical calculation model. 
Uncertainty Analysis
Because of the tsunami nature and resultantly difficulty to consider all the uncertainties quantitatively, uncertainties can be categorized as two types. Some uncertainties such as tsunami occurrence time which is called aleatory and someone such as tsunami source, fault position, dip angle or strike direction which is named as epistemic. Epistemic uncertainties can be scrimp through the application of the precise data and numerical modeling. Uncertainty analysis can improve the accuracy of tsunami modeling, however the present study has not been performed in this conception. Resultantly, because of the significantly influence of tsunami source on the tsunami assessment, uncertainties related with tsunami source are interested in the present study (Table 3 ). Uncertainties associated with the tsunami sources are conducted as follows, (1) collecting the variety range of fault models parameters, (2) conducting a numerical modeling for each fault models mentioned above and (3) choosing the most critical scenario in each studying area as the most serious event on the studying site.
Results & Discussion
Tsunami Heights
The maximum simulated tsunami elevations above sea level are displayed in Fig. 3(a,b ,c) with details given in Fig. 3(d,e,f,g) for M w 9.1 tsunami source . The tsunami radiation patterns in Fig. 3 show high directionality, both because of the source length and in relation with the various seafloor features. To the south, tsunami propagation covers most of the Gulf of Oman. To the north, a much more complex pattern appears due to interposition and interactions of multiple wave fronts propagating to the shorelines. Shallower water near the CB also affects south-north tsunami propagation. Fig. 3 shows four snapshots of instantaneous surface elevation, of the "worst case scenario" Mw 9.1 tsunami source computed in Table 2 , after 16 minutes, 21 minutes (time when reaching the underwater mound), 26 minutes (time after passing the underwater mound) and 31 minutes (time when reaching coasts), respectively. We see an initial strong northward directionality of the highest tsunami waves, towards the CB. Once waves reach the shallower continental shelf, they start wrapping up around the bathymetric contours due to refraction ( Fig. 3-b) .
A characteristic initial tsunami amplitude which is defined as the minimum or maximum elevation found from the bottom co-seismic displacement (maximum uplift and subsidence of the ocean surface) grow with the increase of earthquake magnitude in different scenarios as shown in Table 2 . As illustrated in Fig. 3 , about the +8.43 m uplift and -5.86 m subsidence are observed on the water surface elevation immediately after the vibration associated with M w 9.1. The result shows the trough of tsunami's initial wave is created north of the faulted area and so falling water is first observed along the coastlines locating north of the tsunami source, i.e. Iran and Pakistan. Therefore, the local communities of Iran can benefit it as a useful natural warning sign and can be aware of tsunami acuurence before the arrival of destructive waves. Model results displays that the wavelength of tsunami's initial wave is exactly equal to to the fault width, hence, the width of rupture area in one of the important factor that can change the shape of tsunami wave. Fig. 3 illustrates tsunami waves damping after the generation of initial wave at the beginning of propagation process, but waves amplify again during approaching to the the coasts because of shoaling effects. Results show that the generated tsunami waves propagate perpendicular to the fault area, so tsunami waves are mainly just observed at the coasts acrosss from the fault area and the farther latitudainal regions are safe from probable tsunami. Fig. 4 showes the maximum surface elevation computed for M w 9.1 and 8.7 tsunami sources at any time during the tsunami propagation. We see that waves on the order of at least 22 m (for M w 9.1 ) and 8 m (for M w 8.7) elevation reach the coast. Fig. 4 illustrates the complicated interactions between a tsunami and a harbour through the numerical simulation results. The characteristics of tsunami behaviour are as follows: These large waves could inundate a large section of the coast within a few hours, greatly complicating emergency response. The western cape of CB tends to reflect energy away from the inner part of bay so its hazard tends to be smaller to the western of the bay.
The results show that the wave height at different stations does not always increase with amplification of the earthquake magnitude. As shown in the Fig. 5 , the effect of the WM earthquake for M w 8.7 scenario is much more than EM one.
Time series computed at the 4 stations are shown in Fig. 6 and Fig. 7 for M w 8.7 and M w 9.1 tsunami sources, respectively. The results show that the tsunami would reach the shallower water stations C, P, K and D after 19, 29, 32 and 34 minutes, with a leading wave elevation of 13, 8, 9 and 14 meter, respectively for M w 9.1 and after 20, 31, 35 and 46 minutes, with a leading wave elevation of 5, 4, 1.5 and 2 meter, respectively for M w 8.7. 
Inundation
The following is a list of information outputs based on the procedures described; (1) a listing of all known tsunamigenic events to have impacted CB region; (2) analysis of calculated tsunami propagation patterns for tsunamis from likely earthquake sources to determine potential for impact on Makran coasts; (3) a map showing the coasts most affected with the potential tsunami impact; and (4) the maps for specified tsunami scenarios showing limits of coastal land that is likely to be affected by those scenarios (inundation limits, run-up), water depths at maximum inundation. Tsunami inundation may have a devastating effect on coastal ecosystems. Because of its wide ranging parameters, it may be one of the most difficult to quantify. Fig. 8 shows the flooded area in CB exerted by earthquake tsunami M w 8.3, 8.7 and 9.1. Since the tsunami height was not very large, the tsunami running up the land had a less destructive wave force, as can be seen from the picture, but did carry away fishing vessels. Tsunamis flooding the flat port areas can be considered as flows rather than waves, because the incident tsunami is neither a bore-like tsunami nor a broken tsunami wheras the water depth of ports in the entrances of ports is deep. In Fig. 8 , there are no structures as obstacles but the existence of structures is replaced by the bottom roughness using the friction coefficients C d . The friction coefficients have the same values as the conventional tsunami simulation in which it is set to C d = 0.0025; 0.005; 0.01 for deep water, shallow water and inundation area respectively. If the water level induced by a tsunami is higher than the height of the ground level of a port, seawater will intrude into the land areas of the port. Since the land area of a port is often low and flat to facilitate cargohandling, there is a high risk of flooding of wide areas in a short period after the start of inundation.Tsunamis on land may cause not only vessels but also containers, cars and tanks to float and drift. Some of them can hit port facilities and other structures and some will be pulled into the sea by the retreating tsunami. According to the results, the inundation area covered about 12.9, 68.9 and 320.4 km 2 for M w 8.3, 8.7 and 9.1 respectively at the studying area. Lowlying areas are widespread along the coast of CB and the inundation areas tend to be wide even by lower tsunamis.
Conclusions
We applied an integrated modeling strategy and exerted numerical code called GEOWAVE to tsunami generation, propogation and inundation by earthquake. Tsunami features are transferred from the models of Grilli and Watts (1999) and Grilli et al. (2002) into analytical approximations of tsunami sources by TOPICS. This technique constructs an initial condition to treat tsunami generation by coseismic displacement. However, the generality of the modeling framework provided by the model is advantageous in that it automatically covers most of the range of effects, from propagation out of the generation region, through propagation at ocean basin scale, to runup and inundation at affected shorelines. We use a single comprehensive model that adapts automatically to cover each range. We refined the model grid and the bathymetry/topography to conduct regional case studies, and use the significant capabilities of the Boussinesq wave propagation and inundation model. In these local studies, we use the tsunami source that has been constrained and validated in the present work. The main modeling challenge is to move across a sequence of spatial resolutions needed to resolve wave crests as they move from the deep ocean into complex coastal environments. Refining the model grid towards the coast thus could be done by using nested grids. We conclude that earthquake tsunami sources are reasonable in our work, because tsunami observations and records are correctly simulated for historical case study. In addition to accurate earthquake tsunami sources from TOPICS, we attribute the successful outcome of our case studies to the inclusion of essential geological data and interpretation, as well as the physical capabilities of the Boussinesq propagation model GEOWAVE. This work demonstrates that the combined software GEOWAVE can produce successful tsunami case studies when provided sufficient geological inputs. However, this study should not be used for flood insurance purposes, because it is not based on a frequency analysis. Study of natural hazards, such as tsunamis, has a significant deciding role in precise investment, cargohandling operations and general urban development of CB. The MSZ is indeed the site of large earthquakes with corresponding tsunami generation. Results of numerical simulations performed in this study considering past tsunami occurrence records indicate that the multipurpose Chabahar Port (CP) is expected to experience the tsunami events with heights ranging between 8 to 22 meters. Distances between tectonic sources of tsunami generation and the CP as well as the related earthquake magnitude all affect the tsunami arrival time at the port facilities. Additionally, the bathymetric features have a high bearing on the arrival time and maximum wave height of the tsunami. Wave refraction effects from the coasts and CB, with the latter acting somewhat like a diverging bathymetric lenses on waves, significantly influence the height of such incoming waves. The results are used also to find a best configuration advice for the urban facilities in order to mitigate tsunami related risks, with positioning such facilities at the western cape of the bay would help to reduce any related untoward ramifications of tsunami inundation on the regional human community. Using a variety of seismological and tsunami elevation restrictions, a tsunami source made of 9 properly parameterized dislocations sources was developed for the tsunamis associated with MSZ. These sources simulate the co-seismic bottom deformation, caused by the earthquake, that propagated along a 1000 km long rupture zone of the MSZ. The model grid has a 1min by 1min regular mesh, mostly constructed with the ETOPO1 bathymetry and topography (except in coastal region where more accurate data are used). Considering the data available at the present stage, to both construct the model grid and constrain the tsunami source, we believe that we have developed a reasonable ad hoc source for the tsunami events. We believe that work such as this, in which we achieve a better understanding through modeling of the catastrophic 1945 event, will help the scientific community better predict and mitigate any such future disaster. This will be achieved through a combination of forecasting models with adequate warning systems, and proper education of the local populations.
